Photosynthetic organisms fuel their metabolism with light energy and have developed for this purpose an efficient apparatus for harvesting sunlight. The atomic structure of the apparatus, as it evolved in purple bacteria, has been constructed through a combination of x-ray crystallography, electron microscopy, and modeling. The detailed structure and overall architecture reveals a hierarchical aggregate of pigments that utilizes, as shown through femtosecond spectroscopy and quantum physics, elegant and efficient mechanisms for primary light absorption and transfer of electronic excitation toward the photosynthetic reaction center.
The prevalent color green in Earth's biosphere is testimony to the important role that chlorophylls play in harnessing the energy of the Sun to fuel the metabolism of photosynthetic life forms. Chlorophylls are assisted in their light-harvesting role by carotenoids, also widely known through their coloration of petals and fruits in plants. Photosynthetic organisms have evolved intricate aggregates of chlorophylls and carotenoids for efficient light harvesting and exploit in subtle ways the laws of quantum mechanics. This role of chlorophylls and carotenoids has emerged in full detail only recently, when the atomic structures of proteins involved in bacterial photosynthetic light harvesting have been solved by a combination of x-ray crystallography, electron microscopy, and molecular modeling.
However, the conceptual foundation for our present understanding of light harvesting was laid long ago, when Emerson and Arnold demonstrated that it required hundreds of chlorophylls to reduce one molecule of CO 2 under saturating flash light intensity (1, 2) . To explain the cooperative action of these chlorophylls, Emerson and Arnold postulated that only very few chlorophylls in the primary reaction site, termed the photosynthetic reaction center (RC), directly take part in photochemical reactions; most chlorophylls serve as lightharvesting antennae by capturing the sunlight and funneling electronic excitation toward the RC. This notion gave rise to the definition of the photosynthetic unit (PSU) as an ensemble of an RC with associated light-harvesting complexes containing up to 250 chlorophylls, and became widely accepted only when Duysens carried out a critical experiment in which energy transfer between different chlorophylls was observed (3) .
A wealth of accumulated evidence proves that the organization of PSUs, to surround an RC with aggregates of chlorophylls and associated carotenoids, is universal in both photosynthetic bacteria and higher plants (2, (4) (5) (6) .
Of the known photosynthetic systems, the PSU of purple bacteria is the most studied and best characterized. Fig. 1 depicts schematically the intracytoplasmic membrane of purple bacteria with its primary photosynthetic apparatus. In the PSU, an array of light-harvesting complexes captures light and transfers the excitation energy to the photosynthetic RC. This article focuses on the primary processes of light harvesting and electronic excitation transfer that occur in the PSU, and describes the role of molecular modeling in elucidating the underlying mechanisms.
In most purple bacteria, the photosynthetic membranes contain two types of light-harvesting complexes, lightharvesting complex I (LH-I) and light-harvesting complex II (LH-II) (7) . LH-I is found surrounding directly the RCs (8, 9) , whereas LH-II is not in direct contact with the RC but transfers energy to the RC through LH-I (10, 11) . For some bacteria, such as Rhodopseudomonas (Rps.) acidophila and Rhodospirillum (Rs.) molischianum strain DSM 120 (12) , there exists a third type of light-harvesting complex, LH-III. A 1:1 stoichiometry exists between the RC and LH-I (9); the number of LH-IIs and LH-IIIs varies according to growth conditions such as light intensity and temperature (13) .
Purple bacteria absorb light in a spectral region complementary to that of plants and algae, mainly at wavelengths of about 500 nm through carotenoids and above 800 nm through bacteriochlorophylls (BChls). Fig. 2 shows the energy levels for the key electronic excitations in the PSU. There exists a pronounced energetic hierarchy in the light-harvesting system: LH-III absorbs light at the highest energy (800 and 820 nm); the LH-II complex, which surrounds LH-I, absorbs maximally at 800 nm and 850 nm; and LH-I, which in turn surrounds the RC, absorbs at a lower energy (875 nm) (11). The energy cascade serves to funnel electronic excitations from the LHIIIs and LH-IIs through LH-I to the RC. Time resolved picosecond and femtosecond spectroscopy revealed that excitation transfer within the PSU occurs on a subpicosecond time scale and at near unit (95%) efficiency (14, 15) .
Today, structures of the major components of the bacterial photosynthetic apparatus are available at atomic resolution. Structures of the RC are known for Rps. viridis (16) as well as for Rhodobacter (Rb.) sphaeroides (17) . Recently, high resolution crystal structures of LH-II have been determined for Rps. acidophila (18) and for Rs. molischianum (19) . Based on a high degree of homology of the ␣␤-heterodimer of LH-I from Rb. sphaeroides to that of LH-II of Rs. molischianum (12, 20) , an atomic structure for LH-I of Rb. sphaeroides has been modeled (21) . chromophores in the photosynthetic membrane and opens a door to the study of excitation transfer in the PSU based on a priori principles.
LH-II. The structure of LH-II from Rs. molischianum had been determined to 2.4 Å resolution (19) and is shown in Fig.  3a . The complex is an octameric aggregate of ␣␤-heterodimers; the latter contains a pair of short peptides (␣-and ␤-apoproteins) noncovalently binding three BChl a molecules and one lycopene (a specific type of carotenoid). Presumably, there exists a second lycopene for each ␣␤-heterodimer. The electron density map indeed contains a stretch of assignable density, but the stretch is not long enough to positively resolve the entire lycopene (19) . Two concentric cylinders of ␣-helices, with the ␣-apoproteins inside and the ␤-apoproteins outside, form a scaffold for BChls and lycopenes. Fig. 3b depicts the 24 BChl molecules and 8 lycopene molecules in LH-II with all other components stripped away. Sixteen B850 BChl molecules form a continuous overlapping ring of 23 Å radius (based on central Mg atoms of BChls) with each BChl oriented perpendicular to the membrane plane. The Mg-Mg distance between neighboring B850a and B850b BChls is 9.2 Å (within an ␣␤-heterodimer) and between B850aЈ and B850b is 8.9 Å (between heterodimers). Eight B800 BChls, forming another ring of 28 Å radius, are arranged with their tetrapyrrol rings nearly parallel to the membrane plane and exhibit a Mg-Mg distance of 22 Å between neighboring BChls, i.e., the BChls are coupled only weakly. The ligation sites for the B850 BChls are ␣-His-34 and ␤-His-35, and the B800 BChls ligate to ␣-Asp-6. Eight lycopene molecules span the transmembrane region; each makes contact with B800 BChl and the B850a BChl.
It is remarkable that LH-II results from the self-aggregation of a large number of identical, noncovalently bonded transmembrane helices, BChls, and carotenoids. With its simple, symmetric architecture, LH-II constitutes an ideal model system for studying aggregate formation and adhesive interactions of proteins. Mechanical models reveal perfect selfcomplementarity of the ␣␤-heterodimers that interlock with each other to form a circular aggregate (23). red) is surrounded by the light-harvesting complex I (LH-I, green) to form the LH-I-RC complex, which is surrounded by multiple light-harvesting complexes LH-II (green), forming altogether the PSU. Photons are absorbed by the light-harvesting complexes and excitation is transferred to the RC initiating a charge (electron-hole) separation. The RC binds quinone QB, reduces it to hydroquinone QBH2, and releases the latter. QBH2 is oxidized by the bc1 complex, which uses the exothermic reaction to pump protons across the membrane; electrons are shuttled back to the RC by the cytochrome c2 complex (blue) from the ubiquinone-cytochrome bc1 complex (yellow). The electron transfer across the membrane produces a large proton gradient that drives the synthesis of ATP from ADP by the ATPase (orange). Electron flow is represented in blue, proton flow in red, and quinone flow, likely confined to the intramembrane space, in black. LH-I-RC Complex. LH-I of Rb. sphaeroides has been modeled in ref. 21 as a hexadecamer of ␣␤-heterodimers; the modeling exploited a close homology of these heterodimers to those of LH-II of Rs. molischianum. The resulting LH-I structure yields an electron density projection map that is in agreement with an 8.5 Å resolution electron microscopy projection map for the highly homologous LH-I of Rs. rubrum (24) . The LH-I complex contains a ring of 32 BChls referred to as B875 BChls according to their main absorption band. The Mg-Mg distance between neighboring B875 BChls is 9.2 Å within the ␣␤-heterodimer and 9.3 Å between neighboring heterodimers.
The modeled LH-I has been docked to the photosynthetic RC of Rb. sphaeroides by means of a constrained conformational search (21), employing for the latter the structure reported in ref. 17 . 
Mechanisms of Excitation Transfer
Photosynthetic bacteria evolved a pronounced energetic hierarchy in the light-harvesting system. The hierarchy, as shown in Fig. 2 , furnishes a cascade-like system of excited states that funnels electronic excitation from the outer LH-IIs through LH-I to the RC. The excitation transfer cascading into the RC involves intracomplex and intercomplex processes, defined as excitation transfer within each pigment-protein complex (LH-II, LH-I, RC) and between pigment-protein complexes (LH-II 3 LH-II, LH-II 3 LH-I, LH-I 3 RC), respectively. Intracomplex transfer, for the main part, occurs faster than intercomplex transfer. We will first discuss intercomplex excitation transfer, and then we will describe intracomplex excitation transfer. Exciton Migration. One of the most intriguing structural features of the bacterial light-harvesting complexes is the circular organization of BChl aggregates (2) . To understand the primary processes of light absorption and the subsequent excitation transfer from LH-IIs, through LH-I, to the RC, it is essential to characterize the electronic properties of the excited states of the circular BChl aggregate. The close proximity of the B850 BChls in LH-II implies strong interactions, leading to coherent superpositions, termed excitons (27, 28) , of the lower energy excited states of individual BChls, the Q y states as demonstrated in INDO-CIS level quantum chemical calculations of the complete circular aggregates of 16 B850 BChls and 8 B800 BChls of LH-II from Rs. molischianum (29) . As shown in Fig. 6 , two bands of excitons arise, with the band splitting reflecting a weakly dimerized form of the aggregate (the BChl-BChl distances alternate slightly along the ring) (26) . Only 2 of the 16 exciton states are optically allowed and thus carry an 8-fold enhanced oscillator strength (superradiance); the lowest excited state is optically forbidden and does not fluoresce, which may allow LH-II to preserve excitation energy, though disorder confers readily oscillator strength to this state (26) .
Other, less extensive calculations, ranging from an effective Hamiltonian representation based on the point dipole treatment (30, 31) to a point monopole treatment (32) , and to the quantum mechanical consistent-force-field͞-electron (QCFF͞PI) approach (33) , yield a similar exciton band structure but differ in detailed exciton levels and band gaps. According to the INDO-CIS calculation (29) , the lowest exciton state is significantly lowered in energy through level repulsion with charge resonance states, resulting in an energy gap ⌬ of 422 cm Ϫ1 (see Fig. 6 ). The optically allowed exciton states should then be populated 9% at thermal equilibrium at room temperature.
To extend the quantum chemical calculations to LH-I and the complete PSU, an effective Hamiltonian Ĥ in the basis of single BChl Q y excitations had been established in ref. 26 . The effective Hamiltonian was extended in ref. 34 to incorporate two exciton states as they arise in pump-probe spectroscopy (35) .
The effective Hamiltonian can be applied without further modification to describe the circular aggregate of 32 BChls in LH-I (26). The same characteristics of the exciton bands as in the B850 BChl aggregate of LH-II are found, i.e., the second and the third exciton states carry all the oscillator strength, with the lowest energy excitation state being optically forbidden.
The exciton states in LH-II and LH-I are completely delocalized over the ring-like B850 and B875 aggregates because of the assumption of perfect symmetry, i.e., absence of disorder. It is widely believed that the B850 BChl excited states, despite FIG. 7 . Excitation transfer in the bacterial photosynthetic unit. LH-II contains two types of BChls, commonly referred to as B800 (dark blue) and B850 (green), which absorb at 800 nm and 850 nm, respectively. BChls in LH-I absorb at 875 nm and are labeled B875 (green). PA and PB refer to the RC special pair, and BA, BB refer to the accessory BChls in the RC. (v 2 ) between the ␣␤-heterodimers. The effect of static disorder has been modeled in ref. 26 by randomizing the diagonal elements of an effective Hamiltonian. By using a distribution consistent with the inhomogeneous broadening measured by hole-burning spectroscopy, the effect of diagonal disorder on exciton delocalization was found to be noticeable but small.
It has long been observed that excitation transfer LH-II 3 LH-I 3 RC occurs in the PSU in fewer than 100 ps and with about 95% efficiency (14) . In this respect, it is interesting to note that the transition dipole moments of the Q y excitations of the B850 and B875 BChls are all oriented in the twodimensional plane that encompasses the ring-like BChl aggregates of LH-II, LH-I, and the RC special pair and is optimally attuned to the desired flow of electronic excitation LH-II 3 LH-I 3 RC. There are many potential pathways for photons to be absorbed and for the subsequent excitations to reach the RC. A path may begin with absorption of an 800 nm photon by one of the B800 BChls in LH-II (see Fig. 7 ). At least three sequential steps are required for the B800 excitation to be transferred to the RC: B800 (LH-II) 3 B850 (LH-II) 3 LH-I 3 RC. Time resolved picosecond and femtosecond spectroscopy revealed that the B800 3 B850 excitation transfer proceeds within about 700 fs (14, 38) . Two color pump-probe femtosecond measurements determined a time constant of 3ϳ5 ps for the B850 3 LH-I step (39) . The final LH-I 3 RC transfer step requires about 35 ps (40), i.e., this is the slowest step (11, 14) . Intercomplex LH-II 3 LH-II transfer may occur, but a rate for this process has not yet been determined.
The effective Hamiltonian for LH-II, as described above, had been extended in refs. 26 and 34 to describe the exciton system of the entire aggregate shown in Fig. 7 . One can determine the transfer rates between the different components, i.e., LH-II 3 LH-I, and LH-I 3 RC, by using a perturbation scheme (34) . The calculated time constants of 3.3 and 65 ps for the excitation transfer processes LH-II 3 LH-I and LH-I 3 RC in Rb. sphaeroides, respectively, are in agreement with experimental values of 3ϳ5 ps and 35 ps (39, 40) . A startling result from these calculations has been a suggested role of the accessory BChls as mediators of the excitation transfer from LH-I to the RC special pair: the calculated time for LH-I 3 RC transfer, in the absence of accessory BChls, is about 600 ps, which is an order of magnitude too long compared with observations; the accessory BChls in RC provide a path for the excitation transfer that bridges the large distance of 42 Å or longer between LH-I BChls and the RC special pair.
Role of B800 BChls and Carotenoids. B800 BChls absorb light in a slightly higher spectral region than the B850 BChls and are oriented such that they absorb in a direction perpendicular to that of the B850 BChls. Quantum chemical calculations in ref. 29 have demonstrated that the B800 BChls are only weakly coupled with each other and with the B850 BChls. The individual B800 BChls transfer the resulting excitation energy to the B850 ring through the so-called Förster mechanism (41) (42) (43) . The transfer proceeds within 700 fs (38) . Quantum mechanical calculations show that this short transfer time, to a large degree, results through the exciton splitting of the accepting B850 exciton levels shown in Fig. 6 ; the exciton splitting greatly improves the resonance of the excitations of B800 and B850 BChls (44) . Carotenoids absorb light at 500 nm into a strongly allowed state and transfer the excitation energy within 200 fs and with nearly 100% efficiency to the Q y exciton states of the B850 ring (45) . The question arises by which pathways and by which mechanism such an efficient excitation transfer is achieved. Fig. 6 presents also the excitation energies of the spheroidene and BChl states in LH-II of Rb. sphaeroides. Spheroidene features two low-lying singlet excited states. A strongly allowed state absorbing at 500 nm is labeled S 2 . It decays within Ͻ200 fs into an optically forbidden electronic state labeled S 1 , which has been characterized in refs. 46 and 47. The S 1 state is in resonance with the accepting Q y exciton states and, thus, provides a possible gateway for transfer to the B850 ring.
The optically forbidden character of the S 1 state of spheroidene precludes its coupling to the B850 ring through the Förster mechanism, thus limiting potential mechanisms to coupling through Coulomb interaction including higher-order multipoles (generalized Förster mechanism) or coupling through electron exchange [Dexter mechanism (48) ]. The Dexter mechanism requires an overlap of donor and acceptor wave functions and, thus, is only efficient when donor and acceptor are in van der Waals contact. Because spheroidene and BChls are indeed in close contact, as shown in Fig. 6 , one is tempted to suggest that the mechanism underlying singlet excitation transfer is electron exchange.
Recent calculations (44, 49) , however, do not support this assumption. Based on the geometric arrangement of carotenoids and BChls in LH-II (Fig. 6 ) and on CI expansions of the electronic states of carotenoids and chlorophylls, calculations in ref. 44 showed that the generalized Förster mechanism governs the transfer of singlet excitations, resulting in a transfer time of 260 fs through the S 1 (carotenoid) 3 B850 (exciton states) pathway.
The transfer through the optically forbidden S 1 state is strongly accelerated by the splitting of the B850 exciton levels as seen also in the case of the B800 3 B850 transfer (44) . Without the exciton splitting, the calculated transfer time is as slow as 2.5 ps. This suggests that purple bacteria may have evolved the ring structure of LH-II to improve resonance between acceptor and donor systems. In addition to transfer through the forbidden S 1 state of spheroidene, the absorbing S 2 state of carotenoids is likely to transfer some excitation also directly to the Q x state of BChl as suggested by the calculated transfer time of 330 fs (44) and the shortened (60 fs) in vivo lifetime of the S 2 state (50).
In addition to the light-harvesting function, carotenoids protect the light-harvesting system from the damaging effect of BChl triplet states that arise with a small, but finite, probability and can generate highly reactive singlet oxygen according to the reaction 3 
BChl. Carotenoids prevent this reaction by quenching the BChl triplet states through triplet excitation transfer from the BChls. This transfer involves a spin change and can only proceed through the electron exchange or Dexter mechanism (48). The triplet excitation transfer in LH-II of Rs. molischianum has been described in detail (44) . The calculations showed that B850a and B800 are well protected by one of the eight lycopenes seen in the crystal structure of LH-II of Rs. molischianum (see Figs. 3 and 6), whereas B850b is not directly protected but can transfer triplet excitation within a few picoseconds to the well protected B850a BChl.
Other Photosynthetic Organisms
Photosynthetic organisms have developed from a few common components a rather divergent set of antenna systems. The divergence is demonstrated in Fig. 8 , which compares antenna systems of green bacteria, cyanobacteria, dinoflagellates, and green plants; to these examples is to be added the apparatus of purple bacteria shown in Fig. 1 . Anoxygenic photosynthetic (purple and green) bacteria employ a single RC. Oxygen-evolving photosynthetic organisms, e.g., cyanobacteria, dinoflagellates, and plants, possess in their PSUs two RCs of different types, namely PS-I and PS-II (see Figs. 8 b, c, and e) . PS-I shows similarity to the RCs of green sulfur bacteria, whereas PS-II is thought to be evolutionary related to the RC of purple bacteria. PS-I and PS-II have integral light-harvesting pigments associated with them (5). Apart from those integral light-harvesting pigments, oxygen-evolving photosynthetic organisms possess additional light-harvesting complexes that display significant structural variability among species.
To illustrate the common components of the lightharvesting systems in Figs. 1 and 8 , we summarize the properties of the antenna systems of purple bacteria as far as they are relevant to photosynthetic life forms in general.
The chromophores of purple bacteria, i.e., BChls and carotenoids, are attuned to their ambient light. In case of lycopene͞ spheroidene and B800͞B850 BChls, the combined absorption spectrum is complementary to that of chlorophyll a or b in green plants, i.e., adjusted to a habitat below plants. The purple bacteria exploit the low-lying excited states of polyenes (46, 47) to couple the carotenoid excitations to BChls. The carotenoids are entrusted with the excitation energy for only a few hundred femtoseconds, after which time BChls are the wardens of the energy.
The spectra of BChls are tuned only to a limited degree through interaction with the protein environment, e.g., through formylmethionine-Mg ligation in case of B800 of LH-II from Rps. acidophila (18) or through an Asp-Mg ligation in case of B800 of LH-II from Rs. molischianum (19) ; the observed spectra result mainly from intrinsic properties of BChls and excitonic interactions (26, 29) . Excitonic coupling splits the excited state energies, thus improving the overlap between donor and acceptor spectra in the excitation cascade (26, 41, 44) .
The BChls have the disadvantage that their lowest-energy triplet state lies high enough to excite molecular oxygen. Their companion carotenoids quench the triplet excitations of BChls.
The efficient flow of excitation through the chromophore system requires highly ordered aggregates, the geometry of which is adapted to the needed interactions; carotenoids must be in close (van der Waals) contact with BChls for triplet quenching and must be proximate within a few angstroms for transfer of optically forbidden excitations. Chlorophylls, to achieve significant exciton splitting, must have Mg-Mg distances of about 10 Å; for energy transfer on a picosecond time scale, Mg-Mg distances must be of the order of 20 Å. It is possible that BChls form aggregates to achieve coherence over many chromophores, such that the lowest-energy state becomes optically forbidden, increasing its lifetime.
A multiprotein architecture is necessary to provide a large enough scaffold for the number of chromophores employed in light harvesting. Because of this architecture, antenna systems employ a hierarchy of chromophore aggregates; the chromophores are closer and more tightly coupled in the individual pigment-protein complex, e.g., in LH-II, and more loosely coupled between different pigment-protein complexes. The control of the overall aggregation of the multiprotein system is in itself an impressive achievement worthy of study (23) .
To direct flow of excitation to the RC, the antenna system of purple bacteria assumes a spatial organization in which the BChls with lower energy excitations are closer to the RC. Such arrangement, as shown in Fig. 2 , yields an energy funnel that prevents detours in the excitation flow, enhancing the overall efficiency of light harvesting as measured by the quantum yield for a photon absorbed to reach a RC.
The features of light harvesting in purple bacteria can serve as a background to a comparison of the alternative antenna systems shown in Fig. 8 . As their primary light-harvesting complexes, green bacteria use extramembrane sack-like aggregates of BChl c (d or e in some species) called chlorosomes (Fig. 8a) . Chlorosomes consist of pigment oligomers which in some species appear to be rod-shaped aggregates of BChls. It has been suggested that the rod-shaped BChl aggregates are stabilized solely through pigment-pigment interactions between the BChls. Chlorosomes are positioned external to the membrane, on top of the RC as shown in Fig. 8a .
In cyanobacteria and red algae, the dominant lightharvesting complexes, shown in Fig. 8b , are extramembrane PBSs with discoidal pigment-protein complexes exhibiting an energy cascade from the outer rod disks toward the core and the RC.
The PSU of dinoflagellates, presented in Fig. 8c , contains, among other pigment-protein complexes, the extramembrane PCP. Recently, the structure of PCP has been solved at 2.0 Å resolution (52) . PCP distinguishes itself from other lightharvesting complexes in using carotenoids as the predominant light absorbers, exhibiting a chlorophyll-to-carotenoid ratio of Fig. 8d . The structure of LHCII, resolved at 3.4 Å (6), features two carotenoids, seven Chls a, and five Chls b as light-absorbing agents. LHCII is located within the thylakoid membrane in the vicinity of PS-II. It has been suggested that LHCII can, according to light conditions, physically move toward PS-I, regulating thereby the relative flow of energy into PS-II and PS-I.
The multiprotein photosynthetic apparatus as shown in Fig.  1 poses the challenge for eventually modeling the conversion of light into ATP in its entirety. Few would have predicted that the protein constituents of the photosynthetic apparatus would be structurally known in principle already today, but many expect that biologists will see more and more often entire protein systems engaged in complex overall functions resolved at atomic resolution. The questions posed by the photosynthetic apparatus will then be typical for biology of the 21st century: how are multiprotein systems genetically controlled, how do they physically aggregate, how did they evolve, and how do they compare between species? The PSU constitutes an ideal subsystem of the photosynthetic apparatus that, because of its smaller size, is more amenable to study while posing the same principal challenges: how do LH-I and LH-II form from their many independent components, what determines the ring size and stability, and how do the completed LH-IIs aggregate around the LH-I-RC complex? The function of the PSU emerges as a true system property, all components being designed to cooperate in absorbing light effectively and channel its energy to the RC. The common origin of photosynthetic, respiratory, and other organisms makes the PSU and the photosynthetic apparatus a valuable model for understanding, at the level of multiprotein systems, not only photosynthesis but also life in general.
